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Abstract 
 
Plasma biomarkers to aid the early diagnosis of Alzheimer’s disease (AD) or to monitor disease 
progression have long been sought and continue to be widely studied. Biomarkers that correlate with 
AD polygenic risk score, a measure of the polygenic architecture of the disease and highly predictive 
of AD status, would be excellent candidates. Therefore, we undertook a preliminary study to assess the 
association of plasma inflammatory biomarkers with an overall AD polygenic risk score as well as with 
an inflammation-specific AD polygenic risk score in a sample set of 93 AD cases. We measured five 
complement biomarkers (complement receptor 1 (CR1), clusterin, complement component 9 (C9), C1 
inhibitor (C1inh), terminal complement complex (TCC)) and the benchmark inflammatory marker C-
reactive protein (CRP). Plasma clusterin level showed an association with overall AD polygenic risk 
score, whilst clusterin, C1inh and CRP levels each displayed some association with the inflammatory-
specific AD polygenic risk score. The results suggest that elevated plasma levels of inflammatory 
biomarkers, including complement proteins, associate with polygenic risk scores in AD, further 
strengthening the link between genetic and biomarker disease predictors and indicating a potential role 
for these markers in disease prediction and patient stratification in AD. 
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Introduction 
 
There are 850,000 people with dementia in the UK, with numbers set to rise to over 1 million by 2025 
and to 2 million by 2051 (Alzheimer’s Society). Alzheimer's disease (AD) is the most common type 
representing 62% of dementia cases. There is substantial evidence supporting the involvement of 
inflammation in the pathogenesis of AD.  History of serious head injury, which typically causes brain 
inflammation, is known to be a risk factor for AD (Mortimer et al., 1991; Fleminger et al., 2003; Barnes 
et al., 2014) and systemic infections, another cause of inflammation, also accelerate the disease (Licastro 
et al., 2104; Bu et al., 2015; Maheshwari et al., 2015).  Epidemiological studies have suggested that 
anti-inflammatory drugs like indomethacin and ibuprofen reduce the risk of AD (Rogers et al., 1993; 
Breitner et al., 1994, Rich et al., 1995; McGeer et al., 1996; Vlad et al., 2008). Evidence of 
inflammation, including activated microglia and astrocytes, as well as various cytokines and 
complement activation products, have been found around amyloid plaques and dystrophic neurites in 
AD brain (Eikelenboom and Stam, 1982; Yasojima et al., 1999). All these findings support the 
involvement of inflammation in AD but do not indicate whether it is a primary or secondary event.  
However, recent genetic evidence from genome wide association studies (GWAS), including pathway 
analysis, has highlighted a significant aetiological role for immune-related processes and inflammation 
in AD (Harold et al., 2009; Jones et al., 2010; Lambert et al., 2009; Lambert et al., 2010; Lambert et al., 
2013; Jones et al, 2015). 
 
The complement system is a pivotal part of the innate immune system and a key driver of inflammatory 
processes.  Complement consists of more than 30 component proteins, regulators and receptors, which 
work together to provide defence against infection and to clear toxic material (Morgan 2015). 
Dysregulation of the balance between complement activation and inhibition may contribute to 
neuroinflammation and disease. Complement activation has been shown to occur in the AD brain, even 
at very early stages of the disease (Loeffler et al 2008) and discovery/panel-based studies investigating 
blood protein markers have reported significant findings with complement proteins (Hye et al., 2006; 
Thambisetty  et al., 2011; Kiddle et al., 2014; Muenchhoff et al., 2015; Hakobyan et al., 2016). 
 
Genetic studies have identified AD-associated variants in complement pathway genes. Associations 
between disease status and common single nucleotide polymorphisms (SNPs) in clusterin (CLU) were 
identified in a two-stage study GWAS involving over 16,000 individuals (Harold et al., 2009). A second 
GWAS study of over 2000 AD and 5000 control individuals replicated the CLU finding and also 
identified an association with a SNP in complement receptor 1 (CR1) (Lambert et al., 2009). The 
association of these loci has since been robustly replicated (Carrasquillo et al., 2010; Corneveaux et al., 
2010; Jun et al., 2010; Seshadri et al., 2010; Lambert et al., 2013). GWAS results such as these, even 
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though a huge success and of great importance to the field, still only explain a very small amount of the 
genetic risk in AD. The residual genetic risk is likely to reside both in rare genetic variation with larger 
effect sizes like that of TREM2 variants for example (Guerreiro  et al., 2013; Jonsson et al., 2013; Jin et 
al., 2014), and in multiple small effects implicated by polygenic risk score analyses (Escott-Price et al., 
2015).  A polygenic risk score (PS) encompasses more of the causal variance because it is calculated 
based not solely on genome-wide significant polymorphisms, but on all nominally associated variants 
at a defined significance threshold (typically thousands of variants). We have investigated the polygenic 
architecture of AD using the powerful International Genomics of Alzheimer’s Project (IGAP) GWAS 
dataset (Lambert et al., 2013) and demonstrated that PS could predict AD status by over 78% (Escott-
Price et al., 2015).  Here we describe a pilot study to test whether plasma biomarkers correlate with PS. 
We analysed a panel of complement and inflammatory biomarkers, selected based on literature and in-
house evidence of relevance to AD (CR1, clusterin, C9, C1inh, TCC and CRP), in a subset of the 
Genetic and Environmental Risk for Alzheimer’s disease (GERAD1) cohort (Harold et al., 2009) 
(N=93). PS profiles were calculated for these patients, using the full PS model (Escott-Price et al. 2015) 
and an immune specific PS that includes only those genes relevant to immunity and inflammation. The 
plasma biomarker measurements were tested for correlation with the ‘full’ and immune-specific AD PS 
profiles. 
 
 
Methods 
Samples 
 
Blood for plasma separation was collected in 6 ml volume using EDTA anticoagulant tubes. Plasma 
samples were separated (1600 g/15 mins) within 24 h of collection and stored in aliquots at -80°C until 
analysis. 
 
This study utilised plasma samples from 93 AD cases (57 females/36 males) with data available for 
polygenic risk score calculation. The scores were calculated and normalised as previously described 
(Escott-Price et al. 2015), utilising the complete IGAP discovery dataset (Lambert et al. 2013), a p-
value significance threshold of 0.5 and including APOE genotype, age and gender. The full PS model 
included 87,605 single nucleotide polymorphisms (SNPs). The immune specific PS (IPS) was generated 
using 2,177 SNPs identified from the immune-specific AD enriched pathways described in the IGAP 
study (Jones et al., 2015).   
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Quantifying the levels of clusterin, C-reactive protein, complement receptor-1, C1 inhibitor, C9 
and terminal complement complex in plasma  
The plasma levels of clusterin and C-reactive protein (CRP) were determined using commercially 
available human clusterin and CRP DuoSet ELISAs (R&D systems) and the protocols followed as 
described by the manufacturer.  
 
The plasma levels of complement receptor-1 (CR1), C1 inhibitor (C1inh), C9 and terminal complement 
complex (TCC) were determined using sandwich ELISAs developed in-house with optimised antibody 
pairs developed in-house. Maxisorp (Nunc Life Technologies) plates were coated with 50 µl/well of 
capture antibody (1-5 µg/ml in 0.1 M carbonate buffer pH9.6), and incubated for 1 hour at 37oC. The 
plates were washed 3x in PBS + 0.1%Tween-20 (PBST) and then blocked with 100 µl/well of 2% BSA-
PBST for 1 hour at 37oC. After washing the plates 3x in PBST, 50 µl/well of an 8-point serial dilution 
of standard protein in 1% BSA-PBST was added in duplicate to individual wells followed by addition 
of plasma samples in duplicate to separate wells (diluted as necessary in 1%BSA-PBST).  The plate 
was incubated for 1.5 hours at 37oC. After washing 3x in PBST, 50 µl/well of 1-2 µg/ml HRP labelled 
detection antibody diluted in 1% BSA-PBST was added and the plates were incubated 1hr at 37oC. 
Wells were washed 3x in PBST and bound antibody was visualised with orthophenylenediamine 
(SIGMAFAST™ OPD). Colour development was stopped by the addition of 10% sulphuric acid, and 
absorbance was measured at 492 nm. See table 1 for individual details for each assay.  
 
All standards and samples for all ELISAs were tested in duplicate.  The intra-assay coefficients of 
variation (CV) % were 5.55 for Clusterin, 9.47 for CRP, 8.45 for CR1, 5.21 for C1inh, 15.77 for C9 and 
12.05 for TCC. The inter-assay CV’s were 5.16 for Clusterin, 7.88 for CRP, 21.95 for CR1, 21.79 for 
C1inh, 21.97 for C9 and 9.71 for TCC. 
 
 
Statistical analysis   
 
Protein concentrations were determined automatically from standard curves plotted using GraphPad 
Prism5 and data analysis was performed using statistical software R version 3.2.3. Spearman correlation 
tests were used to identify correlations between protein analyte levels and PS or IPS.  Correlation 
coefficients were calculated for any analyte with a p value less than 0.1. The Mann-Whitney test was 
used to look for differences in protein levels between cases with high and low PS or IPS. Effect sizes 
were computed for the analytes that showed a significant difference.  
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Results   
 
The concentrations of the 6 different biomarkers measured in the AD samples are shown in table 2. In 
the selected sample, the PS (normalised) ranged from -2.12 to 2.53 and the IPS (normalised) ranged 
from -2.34 to 3.11 (high scores are associated with increased AD risk). There was no correlation 
between PS and IPS (the Spearman correlation coefficient between the scores was 0.06, with a p-value 
of 0.56). 
 
The cohort was tested for correlations between individual biomarker levels and PS (figure 1). Of the six 
analytes measured, only one, clusterin, was significantly positively correlated with PS (correlation 
coefficient 0.2, p=0.05) in that as the level of clusterin increased so did the PS. None of the other 5 
measured proteins were significantly correlated with PS. To further explore the relationship between 
PS and analyte concentrations, cases at the high and low extremes of PS (defined as those with a PS 
more than 1 standard deviation above or below the mean) were compared for individual biomarker 
levels (figure 2 and table 3). Clusterin was the only biomarker to show a statistically significant 
difference between cases with a high and low PS (clusterin concentration: high PS, 264 µg/ml; low PS, 
314 µg/ml; effect size 1.24, p=0.03).  
 
The data were also examined for correlations between biomarker levels and IPS (figure 3). Two of the 
analytes, C1inh and clusterin, were significantly positively correlated with IPS (C1inh correlation 
coefficient 0.22, p=0.05; clusterin correlation coefficient 0.25, p=0.02). C9 and CRP trended towards a 
positive correlation with IPS but the correlations were not statistically significant (C9 correlation 
coefficient 0.19, p=0.08; CRP correlation coefficient 0.16, p=0.13), and CR1 and TCC showed no 
correlation with IPS. Comparisons of individual biomarker levels between those with the highest IPS 
and those with the lowest IPS (figure 4 and table 4) showed that C1inh levels were significantly higher 
in cases with a high IPS than in cases with a low IPS (212µg/ml versus 154 µg/ml; effect size 1.55, p-
value 0.008). CRP levels were also significantly different between high and low IPS (4.99 µg/ml versus 
0.75 µg/ml; effect size 14.2; p-value 0.02). CR1, C9, clusterin and TCC showed no significant difference 
in concentration between high and low IPS. 
 
Note that as the study was a small scale hypothesis-driven pilot study multiple testing corrections were 
not applied and all p-values presented are uncorrected. 
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Discussion  
 
The AD field is pursuing the identification of plasma biomarkers, or biomarker sets, that are sensitive 
detectors of early disease and/or highly predictive of disease progression. Biomarkers that correlate with 
AD PS would be excellent candidates. Therefore, we undertook the described study to assess the 
association of plasma inflammatory biomarkers with an overall AD PS as well as with an inflammatory 
specific AD PS in a sample set of AD cases. 
 
From the six analytes measured in this sample set we only observed a correlation with PS for one of the 
analytes – clusterin. Several published studies have reported elevated plasma levels of clusterin in AD 
compared to controls (Thambisetty et al., 2010; Thambisetty et al., 2012; Schrijvers et al., 2011; 
Jongbloed et al., 2015; Hakobyan et al, 2016). Taken together with our findings, these data suggest that 
elevated plasma clusterin level is a valid marker for AD. 
 
When focussing in on the IPS more of the markers were associated with this outcome. Clusterin and 
C1inh demonstrated a statistically significant correlation with IPS, and C1inh and CRP showed a 
statistically significant difference between those with high and low IPS.  It is, perhaps, not surprising 
that more of the selected analytes were correlated with IPS than PS as these markers were specifically 
chosen for their roles in inflammation. Both clusterin and C1inh are inhibitors of complement activation; 
clusterin is a fluid-phase inhibitor of the membrane attack complex, while C1inh inhibits the C1 
complex of the classical pathway of complement activation and the MBL/MASP complex of the lectin 
pathway. Both are suicide inhibitors, consumed in the act of inhibition and both are acute phase 
reactants; plasma levels in inflammatory disease thus represent a balance between consumption and 
increased synthesis.   CRP is a major acute-phase reactant that can increase 1000-fold or more in plasma 
concentration in response to inflammation. The finding that CRP levels were only significantly 
increased when the extremes of the IPS were compared suggests that the observed changes in the 
complement biomarkers were not solely driven by the acute phase response but reflected other disease 
processes.  The finding that more of the markers measured in this study correlated with IPS than PS is 
further evidence of their functional relevance and highlights the need for focused/targeted approaches 
to AD research by stratifying patients using biomarkers and other measurables in order to identify 
disease subtypes rather than looking at the disease as a whole. 
 
We stress that the study reported here is preliminary and utilises a relatively small sample set; we 
recognise that only one of the associations observed with these biomarkers survives adjustment for 
multiple testing (C1inhibitor levels in samples with low IPS versus high IPS) and the other reported 
findings could be false positives. However, the study presented here does flag the potential usefulness 
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of testing the association of plasma inflammatory biomarkers with polygenic scores in AD. This study 
cohort comprised patients with established AD; however, it might be more relevant and informative to 
test associations of PS and IPS with plasma biomarkers in patients with mild cognitive impairment or 
early AD, as well as in cognitively normal controls.  
 
To summarize, we have identified associations between plasma inflammatory biomarkers and polygenic 
scores in AD that further strengthens the link between genetic and biomarker disease predictors. While 
noting that replication in independent sample sets is essential, our data provide the first evidence that 
several inflammatory biomarkers, including complement proteins, associate with high polygenic risk 
scores, increasing confidence that these markers will help disease prediction and patient stratification 
in AD. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PS paper_19 August 2016_final draft 
 
9 
 
Acknowledgements 
 
This publication incorporates results from the research project entitled “Wellcome Trust Consortium 
for Neuroimmunology of Mood Disorders and Alzheimer’s Disease” which is funded by a grant from 
the Wellcome Trust. 
 
Plasma Samples 
Plasma samples, N=93, from Alzheimer’s disease (AD) cases, were obtained from the Genetic and 
Environmental Risk for Alzheimer’s disease (GERAD1) cohort (Harold et al., 2009), recruited by the 
Medical Research Council (MRC) Genetic Resource for AD (Cardiff University; Kings College 
London; Cambridge University; Trinity College Dublin). All cases met criteria for probable (NINCDS-
ADRDA, DSM-IV) or definite (CERAD) AD. Sample collection was supported by the Medical 
Research Council (MRC), Wellcome Trust, Alzheimer’s Research UK (ARUK), Welsh Assembly 
Government and Mercer’s Institute for Research on Ageing.   
Authors: Denise Harold1, Rebecca Sims1, Amy Gerrish1, Jade Chapman1, Valentina Escott-Price1, 
Nandini Badarinarayan1, Richard Abraham1, Paul Hollingworth1, Marian Hamshere1, Jaspreet Singh 
Pahwa1, Kimberley Dowzell1, Amy Williams1, Nicola Jones1, Charlene Thomas1, Alexandra Stretton1, 
Angharad Morgan1, Kate Williams1, Sarah Taylor1, John Powell2, Petroula Proitsi2, Michelle K 
Lupton2, Carol Brayne3, David C. Rubinsztein4, Michael Gill5, Brian Lawlor5, Aoibhinn Lynch5, Peter 
Holmans1, Michael ODonovan1, Michael J.Owen1, Julie Williams1. 
Affiliations: 1Medical Research Council (MRC) Centre for Neuropsychiatric Genetics and Genomics, 
Neurosciences and Mental Health Research Institute, Department of Psychological Medicine and 
Neurology, School of Medicine, Cardiff University, Cardiff, UK. 2Kings College London, Institute of 
Psychiatry, Department of Neuroscience, De Crespigny Park, Denmark Hill, London, UK. 3Institute of 
Public Health, University of Cambridge, Cambridge, UK. 4Cambridge Institute for Medical Research, 
University of Cambridge, Cambridge, UK. 5Mercers Institute for Research on Aging, St. James Hospital 
and Trinity College, Dublin, Ireland.  
 
Polygenic Risk Score Calculations 
Training Data Set (IGAP): 
We thank the International Genomics of Alzheimer's Project (IGAP) for providing summary results data 
for these analyses. The investigators within IGAP contributed to the design and implementation of IGAP 
and/or provided data but did not participate in analysis or writing of this report. IGAP was made possible 
by the generous participation of the control subjects, the patients, and their families. The i–Select chips 
were funded by the French National Foundation on Alzheimer's disease and Related Disorders. EADI 
PS paper_19 August 2016_final draft 
 
10 
 
was supported by the LABEX (laboratory of Excellence Program Investment for the Future) DISTALZ 
grant, Inserm, Institut Pasteur de Lille, Université de Lille 2 and the Lille University Hospital. GERAD 
was supported by the Medical Research Council (Grant n° MR/K013041/1), Alzheimer's Research UK 
(Grant n° ARUK-Network2011-4), the Wellcome Trust (Grant n° 082604/2/07/Z) and German Federal 
Ministry of Education and Research (BMBF): Competence Network Dementia (CND) grant n° 
01GI0102, 01GI0711, 01GI0420. CHARGE was partly supported by the NIH/NIA grant R01 
AG033193 and the NIA AG081220 and AGES contract N01–AG–12100, the NHLBI grant R01 
HL105756, the Icelandic Heart Association, and the Erasmus Medical Center and Erasmus University. 
ADGC was supported by the NIH/NIA grants: U01 AG032984, U24 AG021886, U01 AG016976, and 
the Alzheimer's Association grant ADGC–10–196728. 
Test Data Set (GERAD): 
Genetic and Environmental Risk for Alzheimer’s disease (GERAD1) Consortium data (Harold et al. 
2009) was used as a test data set for polygenic score analysis. GERAD1 consists of 3,333 cases and 
1,225 elderly screened controls genotyped at the Sanger Institute on the Illumina 610-quad chip. Study 
recruitment was via the Medical Research Council (MRC) Genetic Resource for AD, as described for 
plasma samples above, the Alzheimer’s Research UK (ARUK) Collaboration (University of 
Nottingham; University of Manchester; University of Southampton; University of Bristol; Queen’s 
University Belfast; the Oxford Project to Investigate Memory and Ageing (OPTIMA), Oxford 
University); Washington University, St Louis, United States; MRC PRION Unit, University College 
London; London and the South East Region AD project (LASER-AD), University College London; 
Competence Network of Dementia (CND) and Department of Psychiatry, University of Bonn, Germany 
and the National Institute of Mental Health (NIMH) AD Genetics Initiative. Data was combined with 
Illumina HumanHap300 BeadChip data from 608 AD cases and 853 elderly screened controls 
ascertained by the Mayo Clinics in Jacksonville, Florida and Rochester, Minnesota as well as the Mayo 
Brain Bank. All AD cases met criteria for either probable (NINCDS-ADRDA, DSM-IV) or definite 
(CERAD) AD. All elderly controls were screened for dementia using the MMSE or ADAS-cog, were 
determined to be free from dementia at neuropathological examination or had a Braak score of 2.5 or 
lower. A total of 5770 population controls were included in GERAD GWAS including the 1958 British 
Birth Cohort (1958BC) (http://www.b58cgene.sgul.ac.uk), NINDS funded neurogenetics collection at 
Coriell Cell Repositories (Coriell) (see http://ccr.coriell.org/), the KORA F4 Study, Heinz Nixdorf 
Recall Study and ALS Controls. The ALS Controls were genotyped using the Illumina HumanHap300 
BeadChip. All other population controls were genotyped using the Illumina HumanHap550 Beadchip.   
GERAD1 Acknowledgements: Cardiff University was supported by the Wellcome Trust, Medical 
Research Council (MRC), Alzheimer’s Research UK (ARUK), Welsh Assembly Government. 
Cambridge University and Kings College London acknowledge MRC support.  ARUK supported 
sample collections at the South West Dementia Bank and Universities of Nottingham, Manchester and 
PS paper_19 August 2016_final draft 
 
11 
 
Belfast. The Belfast group acknowledges support from the Alzheimer's Society, Ulster Garden Villages, 
N.Ireland R&D Office and the Royal College of Physicians/Dunhill Medical Trust. The MRC and 
Mercer’s Institute for Research on Ageing supported the Trinity College group. The South West 
Dementia Brain Bank acknowledges support from Bristol Research into Alzheimer's and Care of the 
Elderly. The Charles Wolfson Charitable Trust supported the OPTIMA group. Washington University 
was funded by NIH grants, Barnes Jewish Foundation and the Charles and Joanne Knight Alzheimer's 
Research Initiative. Patient recruitment for the MRC Prion Unit/UCL Department of Neurodegenerative 
Disease collection was supported by the UCLH/UCL Biomedical Centre and NIHR Queen Square 
Dementia Biomedical Research Unit. LASER-AD was funded by Lundbeck SA. The Bonn group was 
supported by the German Federal Ministry of Education and Research (BMBF), Competence Network 
Dementia and Competence Network Degenerative Dementia, and by the Alfried Krupp von Bohlen und 
Halbach-Stiftung. Some samples were ascertained by the NIMH AD Genetics Initiative. 
The KORA F4 studies were financed by Helmholtz Zentrum München; German Research Center for 
Environmental Health; BMBF; German National Genome Research Network and the Munich Center of 
Health Sciences. The Heinz Nixdorf Recall cohort was funded by the Heinz Nixdorf Foundation (Dr. 
jur. G.Schmidt, Chairman) and BMBF. NINDS and the Intramural Research Program of the National 
Institute on Aging support Coriell Cell Repositories. We acknowledge use of 1958 British Birth Cohort, 
funded by the MRC and Wellcome Trust, genotyped by the Wellcome Trust Case Control Consortium 
and the Type-1 Diabetes Genetics Consortium, sponsored by the National Institute of Diabetes and 
Digestive and Kidney Diseases, National Institute of Allergy and Infectious Diseases, National Human 
Genome Research Institute, National Institute of Child Health and Human Development and Juvenile 
Diabetes Research Foundation International.  
GERAD Investigators: Denise Harold1, Richard Abraham1, Paul Hollingworth1, Rebecca Sims1, Amy 
Gerrish1, Jade Chapman1, Giancarlo Russo1, Marian Hamshere1, Jaspreet Singh Pahwa1, Valentina 
Escott-Price1, Nandini Badarinarayan1, Kimberley Dowzell1, Amy Williams1, Nicola Jones1, Charlene 
Thomas1, Alexandra Stretton1, Angharad Morgan1, Sarah Taylor1, Simon Lovestone2, John Powell3, 
Petroula Proitsi3, Michelle K Lupton3, Carol Brayne4, David C. Rubinsztein5, Michael Gill6, Brian 
Lawlor6, Aoibhinn Lynch6, Kevin Morgan7, Kristelle Brown7, Peter Passmore8, David Craig8, 
Bernadette McGuinness8, Stephen Todd8, Janet Johnston8, Clive Holmes9, David Mann10, A. David 
Smith11, Seth Love12, Patrick G. Kehoe12, John Hardy13, Simon Mead14, Nick Fox15, Martin Rossor15, 
John Collinge14, Wolfgang Maier16, Frank Jessen16, Reiner Heun16, Britta Schürmann16,17, Alfredo 
Ramirez16, Tim Becker18, Christine Herold18, André Lacour18, Dmitriy Drichel18, Hendrik van den 
Bussche19, Isabella Heuser20, Johannes Kornhuber21, Jens Wiltfang22, Martin Dichgans23,24, Lutz 
Frölich25, Harald Hampel26, Michael Hüll27, Dan Rujescu28, Alison Goate29, John S.K. Kauwe30, Carlos 
Cruchaga31, Petra Nowotny31, John C. Morris31, Kevin Mayo31, Gill Livingston32, Nicholas J. Bass32, 
PS paper_19 August 2016_final draft 
 
12 
 
Hugh Gurling32, Andrew McQuillin32, Rhian Gwilliam33, Panagiotis Deloukas33, Ammar Al-Chalabi34, 
Christopher E. Shaw34, Andrew B. Singleton18, Rita Guerreiro18,35, Thomas W. Mühleisen36,37, Markus 
M. Nöthen36,37, Susanne Moebus38, Karl-Heinz Jöckel38, Norman Klopp39, H-Erich Wichmann39,40,41, 
Minerva M. Carrasquillo42, V. Shane Pankratz43, Steven G. Younkin42, Peter Holmans1, Michael 
ODonovan1, Michael J.Owen1, Julie Williams1. 
GERAD Author Affiliations: 1Medical Research Council (MRC) Centre for Neuropsychiatric 
Genetics and Genomics, Neurosciences and Mental Health Research Institute, Department of 
Psychological Medicine and Neurology, School of Medicine, Cardiff University, Cardiff, UK. 
2Department of Psychiatry, Medical Sciences Division, University of Oxford, Oxford, UK. 3Kings 
College London, Institute of Psychiatry, Department of Neuroscience, De Crespigny Park, Denmark 
Hill, London, UK. 4Institute of Public Health, University of Cambridge, Cambridge, UK. 5Cambridge 
Institute for Medical Research, University of Cambridge, Cambridge, UK. 6Mercers Institute for 
Research on Aging, St. James Hospital and Trinity College, Dublin, Ireland. 7Institute of Genetics, 
Queens Medical Centre, University of Nottingham, NG7 2UH, UK. 8Ageing Group, Centre for Public 
Health, School of Medicine, Dentistry and Biomedical Sciences, Queens University Belfast, UK. 
9Division of Clinical Neurosciences, School of Medicine, University of Southampton, Southampton, 
UK. 10Clinical Neuroscience Research Group, Greater Manchester Neurosciences Centre, University of 
Manchester, Salford, UK. 11Oxford Project to Investigate Memory and Ageing (OPTIMA), University 
of Oxford, Department of Pharmacology, Mansfield Road, Oxford OX3 9DU, UK. 12University of 
Bristol Institute of Clinical Neurosciences, School of Clinical Sciences, Frenchay Hospital, Bristol, UK. 
13Department of Molecular Neuroscience and Reta Lilla Weston Laboratories, Institute of Neurology, 
UCL, London, UK. 14MRC Prion Unit, Department of Neurodegenerative Disease, UCL Institute of 
Neurology, London, UK. 15Dementia Research Centre, Department of Neurodegenerative Diseases, 
University College London, Institute of Neurology, London, UK. 16Department of Psychiatry, 
University of Bonn, Sigmund-Freud-Straβe 25, 53105 Bonn, Germany. 17Institute for Molecular 
Psychiatry, University of Bonn, Bonn, Germany 18Laboratory of Neurogenetics, National Institute on 
Aging, National Institutes of Health, Bethesda, MD, 20892, USA. 19Institute of Primary Medical Care, 
University Medical Center Hamburg-Eppendorf, Germany. 20Department of Psychiatry, Charité Berlin, 
Germany. 21Department of Psychiatry, Friedrich-Alexander-University Erlangen-Nürnberg, Germany. 
22Department of Psychiatry and Psychotherapy, University Medical Center (UMG), Georg-August-
University, Göttingen, Germany. 23Institute for Stroke and Dementia Research, Klinikum der 
Universität München, Marchioninistr. 15, 81377, Munich, Germany. 24Department of Neurology, 
Klinikum der Universität München, Marchioninistr. 15, 81377, Munich, Germany. 25Central Institute 
of Mental Health, Medical Faculty Mannheim, University of Heidelberg, Germany. 26Institute for 
Memory and Alzheimer’s Disease & INSERM, Sorbonne Universities, Pierre and Marie Curie 
PS paper_19 August 2016_final draft 
 
13 
 
University, Paris, France; Institute for Brain and Spinal Cord Disorders (ICM), Department of 
Neurology, Hospital of Pitié-Salpétrière, Paris, France. 27Centre for Geriatric Medicine and Section of 
Gerontopsychiatry and Neuropsychology, University of Freiburg, Germany. 28Department of 
Psychiatry, University of Halle, Halle, Germany. 29Institute for Molecular Psychiatry, University of 
Bonn, Bonn, Germany. 30Department of Biology, Brigham Young University, Provo, UT, 84602, USA. 
31Departments of Psychiatry, Neurology and Genetics, Washington University School of Medicine, St 
Louis, MO 63110, US. 32Department of Mental Health Sciences, University College London, UK. 33The 
Wellcome Trust Sanger Institute, Wellcome Trust Genome Campus, Hinxton, Cambridge, UK. 34MRC 
Centre for Neurodegeneration Research, Department of Clinical Neuroscience, Kings College London, 
Institute of Psychiatry, London, SE5 8AF, UK. 35Department of Molecular Neuroscience, Institute of 
Neurology, University College London, Queen Square, London WC1N 3BG, UK. 36Department of 
Genomics, Life & Brain Center, University of Bonn, Sigmund-Freud-Str. 25, D-53127 Bonn, Germany. 
37Institute of Human Genetics, University of Bonn, Wilhelmstr. 31, D-53111 Bonn, Germany. 38Institute 
for Medical Informatics, Biometry and Epidemiology, University Hospital of Essen, University 
Duisburg-Essen, Hufelandstr. 55, D-45147 Essen, Germany. 39Institute of Epidemiology, Helmholtz 
Zentrum München, German Research Center for Environmental Health, 85764 Neuherberg, Germany. 
40Institute of Medical Informatics, Biometry and Epidemiology, Chair of Epidemiology, Ludwig-
Maximilians-Universität, Munich, Germany. 41Klinikum Grosshadern, Munich, Germany. 
42Department of Neuroscience, Mayo Clinic College of Medicine, Jacksonville, Florida 32224, USA. 
43Division of Biomedical Statistics and Informatics, Mayo Clinic and Mayo Foundation, Rochester, 
Minnesota 55905, USA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PS paper_19 August 2016_final draft 
 
14 
 
References 
 
Barnes DE, Kaup A, Kirby KA, Byers AL, Diaz-Arrastia R, Yaffe K. (2014) Traumatic brain injury 
and risk of dementia in older veterans. Neurology 83(4), 312-319 
 
Breitner JC, Gau BA, Welsh KA, Plassman BL, McDonald WM, Helms MJ, Anthony JC (1994)  
Inverse association of anti-inflammatory treatments and Alzheimer’s disease: initial results of a co-twin 
control study. Neurology 44, 227–232. 
 
Bu XL,Yao XQ , Jiao SS, Zeng F, Liu YH, Xiang Y, et al. (2015) A study on the association between 
infectious burden and Alzheimer's disease. Eur J Neurol.;22(12), 519-25. 
 
Carrasquillo MM, Belbin O, Hunter TA, Ma L, Bisceglio GD, et al. (2010) Replication of CLU, CR1, 
and PICALM Associations with Alzheimer Disease. Arch Neurol. 67(8), 961-4.  
 
Corneveaux JJ, Myers AJ, Allen AN, Pruzin JJ, Ramirez M, et al. (2010) Association of CR1, CLU and 
PICALM with Alzheimer's disease in a cohort of clinically characterized and neuropathologically 
verified individuals. Hum Mol Genet. 19(16), 3295-301.  
 
Eikelenboom P and Stam FC. (1982) Immunoglobulins and complement factors in senile plaques. An 
immunoperoxidase study. Acta Neuropathologica 57(2-3), 239–242. 
 
Escott-Price V, Sims R, Bannister C, Harold D, Vronskaya M, Majounie E, Badarinarayan N; 
GERAD/PERADES; IGAP consortia, Morgan K, Passmore P, Holmes C, Powell J, Brayne C, Gill M, 
Mead S, Goate A, Cruchaga C, Lambert JC, van Duijn C, Maier W, Ramirez A, Holmans P, Jones L, 
Hardy J, Seshadri S, Schellenberg GD, Amouyel P, Williams J.  (2015)  Common polygenic variation 
enhances risk prediction for Alzheimer's disease.  Brain 138(Pt 12), 3673-3684. 
 
Fleminger S, Oliver DL, Lovestone S, Rabe-Hesketh S, Giora A. (2003) Head injury as a risk factor for 
Alzheimer's disease: the evidence 10 years on; a partial replication. J Neurol Neurosurg Psychiatry 
74(7), 857–62. 
 
Guerreiro R, Wojtas A, Bras J, Carrasquillo M, Rogaeva E, Majounie E, Cruchaga C, Sassi C, Kauwe 
JS, Younkin S, Hazrati L, Collinge J, Pocock J, Lashley T, Williams J, Lambert JC, Amouyel P, Goate 
A, Rademakers R, Morgan K, Powell J, St George-Hyslop P, Singleton A, Hardy J; Alzheimer Genetic 
Analysis Group.  (2013) TREM2 variants in Alzheimer's disease. N Engl J Med.368(2), 117-27. 
PS paper_19 August 2016_final draft 
 
15 
 
 
Harold, D., Abraham, R., Hollingworth, P., et al. (2009) Genome-wide association study identifies 
variants at CLU and PICALM associated with Alzheimer’s disease. Nat. Genet. 41 (10), 1088–1093. 
 
Hakobyan S, Harding K, Aiyaz M, Hye A, Dobson R, Baird A, Liu B, Harris CL, Lovestone S and Paul 
Morgan BP (2016) Complement Biomarkers as predictors of disease progression in Alzheimer’s 
disease. J Alz Dis In press. 
 
Hye A, Lynham S, Thambisetty M, Causevic M, Campbell J, Byers HL, Hooper C, Rijsdijk F, Tabrizi 
SJ, Banner S, Shaw CE, Foy C, Poppe M, Archer N, Hamilton G, Powell J, Brown RG, Sham P, Ward 
M, Lovestone S.  (2006) Proteome-based plasma biomarkers for Alzheimer's disease. Brain 129(Pt 11), 
3042-3050. 
 
Jones L, Lambert JC, Wang LS, et al.   (2015)  Convergent genetic and expression data implicate 
immunity in Alzheimer's disease.  Alzheimers Dement. 11(6), 658-671.  
 
Jin SC, Benitez BA, Karch CM, et al. (2014) Coding variants in TREM2 increase risk for Alzheimer’s 
disease. Hum Mol Genet. 23(21), 5838–5846. 
 
Jonsson T, Stefansson H, Steinberg S, et al. (2013) Variant of TREM2 associated with the risk of 
Alzheimer’s disease. N Engl J Med. 368(2), 107–116. 
 
Jones L, Holmans PA, Hamshere ML, Harold D, Moskvina V, Ivanov D, et al.  (2010) Genetic evidence 
implicates the immune system and cholesterol metabolism in the aetiology of Alzheimer's disease.  
PLoS One 5(11), e13950. 
 
Jongbloed W, van Dijk KD, Mulder SD, van de Berg WD, Blankenstein MA, van der Flier W, Veerhuis 
R (2015) Clusterin Levels in Plasma Predict Cognitive Decline and Progression to Alzheimer's Disease. 
J Alzheimers Dis 46, 1103-1110. 
 
Jun G, Naj AC, Beecham GW, Wang LS, Buros J, Gallins PJ, et al.  (2010) Meta-analysis confirms 
CR1, CLU, and PICALM as Alzheimer disease risk loci and reveals interactions with APOE genotypes. 
Arch Neurol. 67(12), 1473-84.  
 
PS paper_19 August 2016_final draft 
 
16 
 
Kiddle SJ, Sattlecker M, Proitsi P, Simmons A, Westman E, Bazenet C, Nelson SK, Williams S, Hodges 
A, Johnston C, Soininen H, Kłoszewska I, Mecocci P, Tsolaki M, Vellas B, Newhouse S, Lovestone S, 
Dobson RJ. (2014) Candidate blood proteome markers of Alzheimer's disease onset and progression: a 
systematic review and replication study. J Alzheimers Dis. 38(3), 515-31.  
 
Lambert, J.C., Heath, S., Even, G et al.  (2009) Genome-wide association study identifies variants at 
CLU and CR1 associated with Alzheimer’s disease. Nat. Genet. 41, 1094–1099. 
 
Lambert JC, Grenier-Boley B, Chouraki V, Heath S, Zelenika D, Fievet N, Hannequin D, Pasquier F, 
Hanon O, Brice A, Epelbaum J, Berr C, Dartigues JF, Tzourio C, Campion D, Lathrop M, Amouyel P.  
(2010)  Implication of the immune system in Alzheimer's disease: evidence from genome-wide pathway 
analysis. J Alzheimers Dis. 20(4), 1107-1118. 
 
Lambert JC, Ibrahim-Verbaas CA, Harold D, Naj AC, Sims R, Bellenguez C, et al. (2013) Meta-analysis 
of 74,046 individuals identifies 11 new susceptibility loci for Alzheimer’s disease. Nat Genet 45, 1452–
1458. 
 
Licastro F, Carbone I, Raschi E, Porcellini E.  (2014) The 21st century epidemic: infections as inductors 
of neuro-degeneration associated with Alzheimer's Disease.  Immun Ageing 11(1), 22. 
 
Loeffler DA, Camp DM, Bennett DA.  (2009)  Plaque complement activation and cognitive loss in 
Alzheimer's disease.  Journal of Neuroinflammation 5, 9. 
 
Maheshwari P, and Eslick GD.  (2015) Bacterial infection and Alzheimer's disease: a meta-analysis. J 
Alzheimers Dis. 43(3), 957-966.  
 
McGeer PL, Schuler M, McGeer EG (1996) Arthritis and anti-inflammatory agents as possible 
protective factors for Alzheimer’s disease:  a review of 17 epidemiologic studies. Neurology 47, 425–
432. 
 
Morgan BP.  (2015)  The role of complement in neurological and neuropsychiatric diseases.  Expert 
Rev Clin Immunol.11(10), 1109-1119. 
 
Mortimer JA, van Duijn CM, Chandra V, et al. (1991) Head trauma as a risk factor for Alzheimer's 
disease: a collaborative re-analysis of case-control studies. EURODEM Risk Factors Research Group. 
International journal of epidemiology 20(Suppl 2), S28–35.  
PS paper_19 August 2016_final draft 
 
17 
 
 
Muenchhoff J, Poljak A, Song F, Raftery M, Brodaty H, Duncan M, McEvoy M, Attia J, Schofield PW, 
Sachdev PS.  (2015) Plasma protein profiling of mild cognitive impairment and Alzheimer's disease 
across two independent cohorts. J Alzheimers Dis. 43(4):1355-73. 
 
Rich JB, Rasmusson DX, Folstein MF, Carson KA, Kawas C, Brandt J (1995)  Nonsteroidal anti-
inflammatory drugs in Alzheimer’s disease. Neurology 45, 51–55. 
 
Rogers J, Kirby L, Hempelman S, Berry DL, McGeer PL, Kaszniak AW, Zalinski J, Cofield M, 
Mansukhani L, Wilson P, Kogan F (1993) Clinical trial of indomethacin in Alzheimer’s disease. 
Neurology 43, 1609–1611. 
 
Schrijvers EM, Koudstaal PJ, Hofman A, Breteler MM (2011) Plasma clusterin and the risk of 
Alzheimer disease. JAMA 305, 1322-1326. 
 
Seshadri S, Fitzpatrick AL, Ikram MA, DeStefano AL, Gudnason V, Boada M, et al.  (2010) Genome-
wide analysis of genetic loci associated with Alzheimer disease.  JAMA 303(18), 1832-40. 
 
Thambisetty M, Simmons A, Velayudhan L, Hye A, Campbell J, Zhang Y, et al. (2010) Association of 
plasma clusterin concentration with severity, pathology, and progression in Alzheimer disease. Arch 
Gen Psychiatry 67, 739-748. 
 
Thambisetty M, Simmons A, Hye A, Campbell J, Westman E, Zhang Y, Wahlund LO, Kinsey A, 
Causevic M, Killick R, Kloszewska I, Mecocci P, Soininen H, Tsolaki M, Vellas B, Spenger C, 
Lovestone S; AddNeuroMed Consortium.  (2011) Plasma biomarkers of brain atrophy in Alzheimer's 
disease.  PLoS One. 6(12), e28527. 
 
Thambisetty M, An Y, Kinsey A, Koka D, Saleem M, Güntert A, Kraut M, Ferrucci L, Davatzikos C, 
Lovestone S, Resnick SM (2012) Plasma clusterin concentration is associated with longitudinal brain 
atrophy in mild cognitive impairment. Neuroimage 59, 212-217. 
 
Vlad SC, Miller DR, Kowall NW, Felson DT.  (2008)  Protective effects of NSAIDs on the development 
of Alzheimer disease.  Neurology 70(19), 1672-7.  
 
Yasojima K, Schwab C, McGeer EG, McGeer PL. (1999) Up-regulated production and activation of 
the complement system in Alzheimer’s disease brain. American Journal of Pathology154(3), 927–936. 
PS paper_19 August 2016_final draft 
 
18 
 
Tables and Figures  
 
 
Table 1: In-house ELISAs 
Analyte Capture antibody  Detection antibody  Standard curve Plasma 
dilution 
CR1 1 µg/ml RP anti-CR1 1 µg/ml MM HRP labelled 
anti-human CR1  
50, 25, 12.5, 6.25, 3.125, 1.565, 0.78, 0 
ng/ml 
1:2 
C9 1 µg/ml MM anti-C9 1 µg/ml RP HRP labelled 
anti-human C9 
200,  100, 50, 25, 12.5, 6.25, 3.125, 0 
ng/ml 
1:2000 
C1 
inhibitor 
1 µg/ml MM anti-C1 
inhibitor 
1 µg/ml RP HRP labelled 
anti-human C1 inhibitor 
values 100, 50, 25, 12.5, 6.25, 3.125, 
1.5625, 0 ng/ml 
1:16,000 
TCC 5 µg/ml MM anti-TCC 2 µg/ml MM HRP labelled 
anti-human TCC 
15000,  7500, 3750, 1875, 937.5, 468.75, 
234.375, 0 ng/ml, 
1:32 
Abbreviations:  MM, mouse monoclonal antibody; RP, rabbit polyclonal antibody 
 
 
Table 2: Means and range of protein levels in AD cases 
analyte n Range mean SD 
CR1  93 6.74 – 32.16 ng/ml 15.97 5.26 
C9  90 31.78 – 158.38 µg/ml 78.10 28.54 
C1inh  91 74.23 – 340.09 µg/ml 188.85 58.46 
CLU 91 160.15 – 414.49 µg/ml 279.80 55.06 
CRP  93 0.18 – 40.61 µg/ml 2.89 5.23 
TCC  91 63.35 – 234.14 ng/ml 137.04 34.29 
                                                                                         
 
 
 
 
Table 3: Comparison of biomarker levels between cases with highest PS and cases with lowest PS 
Boldface indicates statistically significant p values (p <0.05) 
 
 PS<mean-1SD   PS>mean+1SD   
analyte Score 
cut off 
N cases Analyte 
mean 
Score 
cut off 
N cases Analyte 
mean 
p  (effect) 
CR1  -0.34 14 15.10 1.55 12 18.16 0.19 
C9  -0.34 13 83.65 1.55 11 73.88 0.49 
C1inh  -0.33 13 196.03 1.55 12 206.23 0.82 
CLU -0.34 14 263.73 1.55 11 314.08 0.03   (1.24) 
CRP  -0.34 14 7.91 1.55 12 1.48 0.13 
TCC  -0.36 14 135.26 1.55 12 142.27 0.37 
 
 
 
 
 
Table 4: Comparison of biomarker levels between cases with highest IPS and cases with lowest IPS 
Boldface indicates statistically significant p values (p <0.05) 
 
 IPS<mean-1SD  IPS>mean+1SD   
analyte Score 
cut off 
N cases Analyte 
mean 
Score 
cut off 
N cases Analyte 
mean 
P  (effect) 
CR1  -0.63 10 15.8 1.28 14 15.02 0.71 
C9  -0.64 10 66.55 1.21 14 83.11 0.21 
C1inh  -0.63 10 154.44 1.24 15 211.8 0.008  (1.55) 
CLU -0.64 10 248.83 1.2 14 286.47 0.08     
CRP  -0.63 10 0.75 1.29 14 4.99 0.02    (14.2) 
TCC  -0.63 10 130.85 1.3 14 135.84 0.93 
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Figure 1: correlations between biomarkers and AD PS  
Scatter plots of each biomarker against the normalised AD PS. The red line is the linear regression line. P-values for test 
of correlation: CR1 p=0.12, C9 p=0.30, C1 inh p=0.58, CLU p=0.05, CRP p=0.23, TCC p=0.63. The correlation 
coefficient for CLU is 0.20. 
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Figure 2: Box plots comparing biomarker levels in AD cases with low and high PS scores 
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Figure 3: correlations between biomarkers and AD IPS  
Scatter plots of each biomarker against the normalised AD IPS. The red line is the linear regression line. . P-values for 
test of correlation: CR1 p=0.84, C9 p=0.308, C1 inh p=0.05, CLU p=0.02, CRP p=0.13, TCC p=0.65. The correlation 
coefficient for C1 inh is 0.22 and for CLU is 0.25. 
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Figure 4: Box plots comparing biomarker levels in AD cases with low and high IPS scores 
 
 
 
 
